, appearing abruptly at wave age co/Uw equal to 1.2. Turbulence spectra of the horizontal components were shown not to scale with height above the water surface, in contrast to vertical velocity spectra for which such a variation was observed in the low-frequency range. In addition, spectral peaks in the horizontal wind spectra were found at a frequency as low as 10 -3 Hz. From a comparison with results from a previous study it was concluded that this turbulence is of the "inactive" kind, being brought down from the upper parts of the boundary layer by pressure transport.
Introduction
The air-sea interaction regime characterized by the dominating waves traveling faster than the wind (swell) is much less well studied and understood than the situation with a wind speed higher than the dominant wave speed. In view of obvious applications the interest in situations with growing waves is natural. Nevertheless, as pointed out already by Kitaigorodskii [1973] , possible widespread occurrence of "supersmooth flow" [Donelan, 1990] perturbations and arrived at spectral transfer functions that result in appreciable influences over a broad band of frequencies, particularly so for the swell case and for the spectrum of vertical velocity. Although Belcher and Hunt [1993] convincingly show that the key assumption made by Benilov et al. [1974] , i.e., that the "basic" turbulent fluctuations of the airflow over the waves are passively advected along wavy trajectories, is fundamentally wrong for the case of strongly developing waves, the situation related to swell conditions in this respect is not known. In spring 1995 an air-sea interaction research facility for long-term measurements of turbulent fluxes at three levels above the water surface and simultaneous surface wave measurements was established at a site in the Baltic Sea called Ostergarnsholm. The measurements and the site are described in section 2. From the data set available from this site so far, a particular situation, occurring on September 18-19, 1995, has been chosen for an analysis of the air-sea interaction mechanism during swell conditions. As described in section 3, this situation occurred during a period immediately following a gale, which culminated during September 15 and 16, resulting in low winds and swell, so that co/U•o -> 1.2. In section 4 the turbulence structure is presented. In section 5 the findings are discussed with reference to previous findings in general and those reported by STH (1994) in particular.
Site and Measurements
The main measuring site is the island C)stergarnsholm, situ- The 30 m tower is instrumented with slow-response ("profile") sensors of in-house design for temperature [H6gstr6m, 1988] and for wind speed and direction [Lundin et al., 1990 ] at the following heights above the tower base: 7, 11.5, 14, 20, and 28 m. In addition, humidity was measured at 7 m above the tower base. Turbulent fluctuations were recorded with SO-LENT 1012R2 sonic anemometers (Gill Instruments, Lymington, United Kingdom) at the heights of 9, 17, and 25 m above the tower base. The sonics were calibrated individually in a big wind tunnel prior to being installed on the tower. The calibration procedure used is similar to that described by Grelle and Lindroth [1994] , giving a matrix of calibration constants which correct for flow distortion caused by the instrument itself.
From the sonic signals the three orthogonal components of the wind and virtual temperature (the measured temperature signal agrees to within 0.20% with the virtual temperature [Depuis et al., 1997] ) are obtained. Both profile and turbulence data are 1 hour averages. In order to remove possible trends, a high-pass filter based on a 10 min running average was applied to the turbulence time series prior to calculating moments (variances and covariances). This procedure amounts to applying a high-pass filter with a cutoff frequency at --•10 -3 Hz. A way to check that this procedure does not mean reducing the measured variances and covariances is to produce so-called ogive curves, i.e., to integrate measured cospectra (derived from the unfiltered time series) from the high-frequency end (in this case 10 Hz) to successively lower frequencies n and plot this integral as a function of n. The result is a curve which normally rises monotonically with decreasing frequency and which finally levels out asymptotically. This asymptote gives the total covariance. For the swell cases of this study it is found that the ogives attain a plateau at a frequency somewhere in the range 2 x 10 -3 < Ft < 10--2 Hz and then rise to a final asymptote at n • 10-3 Hz. These two plateaus are likely to represent different transport mechanisms. Nevertheless, we have used the lowfrequency plateau throughout to obtain an estimate of the total flux. This means that our 10 min running mean procedure gives accurate representation of the covariances and hence of the corresponding fluxes.
As discussed in section 5, the low-frequency part of the turbulence during swell is likely to be highly influenced by so-called "inactive" turbulence, brought down by pressure transport from the upper layers of the boundary layer to the layers near the surface. This turbulence does not contribute to the momentum flux but causes random variability in the lowfrequency part of the u, w cospectrum, where u and w are the longitudinal and vertical components, respectively. This is the cause of the large scatter in the plots involving the kinematic For the present analysis of swell, data have been chosen from one particular situation, September 18-19, 1995, with due reference also to the high-wind period preceding the swell situation itself, as described in detail in section 3.
3.
General Characteristics of the Measuring Situation The wind direction (Figure 2b, stars) during the period September 14-17 was -90 ø, turning to between 110 ø and 200 ø during the last two days of the period. With reference to the description of the site in section 2 it is clear that the wind was from the sector where the upwind fetch was over 150 km. As previously stated, the present study will concentrate on results from the last 2 days. The phase speed plot, Figure 2c , shows both the phase speed of dominant waves in deep water (stars), which is expected to equal the deep-water value, and a weighted mean phase speed (Co) that represents the phase speed of dominant waves in the footprint, calculated over the flux footprint of the 10 m measurements (circles) (see appendices A and B) and the 26 m measurements (crosses), with the limited depth being accounted for.
From Figure 2c we can see that {Co) for the footprint of turbulent flux measured at 26 m height (the crosses) does not differ noticeably from the deep-water phase speed (the stars), except during a short time at the very peak of the gale. As shown in the so-called footprint analysis in appendix A, during typical conditions, 90% of the turbulent flux measured at 26 m height originates from distances >770 m away from the tower. At lower levels the footprint of the turbulent flux lies closer to the tower and partly in shallower water. Still, Figure 2c shows that during the swell period, {Co), over all the footprints corresponding to the measurement heights 10 m and 26 m, is very close to the deep-water value of Co. This applies also to the period before the gale.
Using the results of Anctil and Donelan [1996] , we have estimated in appendix B that the reduction in {c o) (compared with the deep-water value) should be larger than that seen in Figure 2c before shoaling wave effects manifest themselves in the airflow. This result is confirmed in the analysis of turbulence moments presented in section 4.2, where no distinction is found in the plots for cases where (Co) is very close to the deep-water value. It is also shown that the results of the analysis are, in effect, independent of measuring height and thus of differences in footprint.
Our conclusion, therefore, is that during the swell period it is very unlikely that the turbulent flux measurements at any of the three levels are influenced by effects of limited water depth. During the gale these effects seem small, and they cannot alter the significant differences observed between the swell period and the pre-swell period.
While multiple peaks are common in wave spectra in the Baltic Sea, especially during swell, the wave spectra during the study period exhibit only one well-defined peak. A typical example of a measured spectrum is presented in Figure 3 Figure 3 shows that swell energy dominates the spectrum, and up to 0.6 Hz, the wave spectrum is higher than the maximum spectrum that can be generated by the local wind. The swell has been generated several hours earlier -100 km to the south by the higher wind that was blowing at that time. By the time the waves arrived at the measuring point the wind had decayed, and the waves had turned into swell. The shorter local waves (the shaded spectrum in Figure 3) were generated by the weaker local wind from the SE. The directional spreading between 0.27 and 0.5 Hz is therefore higher than normal. This confirms that at those frequencies the spectrum is the sum of the two wave systems: the fully developed local waves and the superimposed swell. During September 18 and 19 there were periods when wind and wave directions were very close ( Figure  2b ) but also periods with deviations as large as 60 ø. In the analyses presented in section 4.2, data from this period have been divided into two groups according to whether the deviation between wind and wave direction is less than or larger than 30 ø . The observed trend of ruw with wave age is in agreement with earlier findings, i.e., Kitaigorodskii [1973] and Makova [1975] . Most previous studies of this quantity were, however, made at a fairly low height above the water surface. Note that there is no significant difference between the two groups during the swell period representing small and large deviation between wind and wave direction, nor do the data points representing "pregale conditions" (circles) stand out among the other data for "young wave conditions." The reason for the drop of -ruw with wave age is very probably the dominance of so-called inactive turbulence during swell, as discussed in detail in sec- Twenty-four hour mean u, v, and w spectra are shown in Figure 11 . Possible weak wave influences may be noted. Thus the vertical velocity spectrum has a wide plateau, and the horizontal velocity spectra have an inflection or even a "bump" near the peak wave frequency no, as indicated in Figure 11 Table 3 . Shown in Table 3 
wave age increases. Chambers and Antonia [1981] observe no change in the form of their heat flux quadrant plots when their c/u, increases from -•40 to 80, but their analysis is based on just a few cases. The pattern illustrated in Figures 13a-13d is very persistent in the present data set. This is illustrated by the analysis presented in

Possible Links to Processes in the Deep Boundary Layer
As mentioned in section 1, the meteorological regime studied by STH (1994) had all the characteristics of previous studies during swell conditions. There were, unfortunately, no wave measurements to confirm that, actually, co/U > 1.2. The fact that the situation occurred in the aftermath of a gale is, however, strong indirect evidence that this was actually the case. In spite of this virtual absence of shearing stress at the surface, turbulence intensity was high, giving, in fact, almost constant rate of dissipation throughout the bulk of the boundary layer or, more precisely, up to a height of 700 m. Figure 14 , which is reproduced from STH (1994), presents the terms of the turbulence energy budget for the entire boundary layer. Figure 14a shows the mechanical production term P, dissipation •, turbulent transport term Tt, and the buoyancy production term B, whereas Figure 14b energy budget for the layers close to the surface given by STH (1994) are very much the same as observed in the present study: Mechanical production is close to zero, which is also the case for turbulent transport. The pressure transport term and buoyancy production thus make up most of the energy gain, being balanced by dissipation. In Figure 14 it is clearly seen that the net source of turbulent energy is mechanical production in the upper half of the boundary layer; buoyancy production, which is a gain near the surface, being a loss throughout the bulk of the boundary layer. The turbulence characteristics of the boundary layer studied by STH (1994) bear all the characteristics of a convectively mixed boundary layer [Kaimal et al., 1976] . However, the similarity is only formal, with the height of the boundary layer zi being the characteristic length scale. It was shown that this boundary layer is not driven by thermal convection but by large-scale turbulence that was produced in the upper layers in the boundary layer and brought down to lower heights by the pressure transport mechanism. It was argued that this phenomenon must be identical to inactive turbulence, which was first identified by Townsend [1961] and Bradshaw [1967] in laboratory flow. H6gstr6m [1990] showed that inactive turbulence is likely to be universally present in near-neutral atmospheric boundary layer flow (explaining, e.g., why the correlation coefficient between u and w in the near-neutral atmospheric surface layer is about -0.35 rather than -0.5 as typically found in turbulent laboratory boundary layer flow).
As the concept of active and inactive turbulence is crucial to the interpretation of the present flow regime, a brief summary of the general characteristics of these phenomena is given The following main conclusion was drawn by STH (1994) concerning the mechanism of inactive turbulence: The net energy exchange at the surface is such that the surface shearing stress is close to zero. In keeping with the conclusion from the community-wide evaluation of turbulent boundary layers [Kline and Robinson, 1989 ] that turbulence production close to the surface is an autonomous process that takes place largely independent of large-scale processes in the outer layer it was argued that the turbulence observed near the surface was in fact just inactive turbulence, "imported" from above by pressure transport. As a contrast, the "traditional view," expressed, e.g., by Kitaigorodskii [1973] is brought about by pressure transport of momentum upward from the waves to the atmosphere. Below, an attempt will be made to reconcile these two seemingly contrasting views of the turbulence mechanism above a surface with waves traveling faster than the wind.
A Conceptual Model of the Turbulence Regime Above a Surface With Waves Travelling Faster Than the Wind
Return to the spectral graphs of the longitudinal wind component and note the following: (1) From the individual examples of simultaneous spectra at 10, 18, and 26 m in Figure 9 it is clear that these spectra do not scale with height. The same result was obtained throughout the swell period. (2) From the 24 hour mean u spectrum displayed in Figure 11 it is clear that the peak is found at a frequency as low as 10 -3 Hz. This contrasts sharply with the wave spectrum peak which is found around 0.2 Hz. In fact, the shape of the u spectrum in Figure  11 is very similar to that observed by STH (1994) throughout the lowest 300 m (STH, 1994, Figure 5a ), the main difference being the slight bulge noticeable in the 10 m spectrum in Figure 11 near the peak wave frequency. Spectra of the lateral component have the same characteristics as the u spectrum: independence of height and with a peak frequency around 10 -3 Hz as well as striking similarity with corresponding spectra observed by STH (1994, Figure 5b) . Figure 10 shows an example of simultaneous w spectra at the three measuring heights of the present study. As noticed earlier, the spectral curves collapse in the high-frequency range but diverge in the low-frequency range, with spectral levels increasing with height. Comparison with the corresponding w spectra from STH (1994, Figure 5c ) shows exactly analogous behavior throughout the lowest 300 m. The frequency of the spectral peak at the lowest measuring height in that study, 22 m, corresponds quite well with that observed at 26 m in the present study. In fact, the above spectral behavior is exactly what is expected for a boundary layer dominated by inactive turbulence, which, in turn, bears striking resemblance to a convective boundary layer. Thus, as explained by STH (1994), the spectra of the horizontal components remain largely the same over a large portion of the boundary layer whereas the spectra of the vertical component change systematically with height in such a manner that the spectral maximum shifts to progressively lower frequencies with height. Note that the similarity with a convective boundary layer is only formal, as discussed below.
In the discussion of the turbulence energy budget at 10 m in section 4 it was noted that buoyancy production was of the same magnitude as the pressure transport gain. Thus it is a relevant question whether the boundary layer of the present study is in fact dominated by buoyancy instead of, as suggested, by inactive turbulence. Also, in the case of STH (1994), buoyancy production occurred in the layers near the surface ( Figure  14a 
The systematic increase of phase angle with decreasing frequency displayed in Figure 15b is in striking contrast to the corresponding plots for the pre-swell days which show nearzero phase angle for frequencies below ---10 -2 Hz (not shown here). It is notable that the phase angle in Figure 15b comes close to 90 ø for the lowest frequencies; that is, u and w become completely out of phase, giving zero contribution to the cospectrum and thus to the momentum flux, in exact agreement with the prediction for inactive turbulence, which we expect to find at these low frequencies. Note that the phase angle is ->60 ø for frequencies below ---10 -2 Hz. This is an indication that in the frequency range 10 -3 < n < 10-2 there is a mixture of truly inactive turbulence, which has a phase angle of 90 ø, and active turbulence with phase angle zero. Analysis of cospectra and quadrature spectra and the corresponding phase angle for vertical velocity and temperature (not shown here) for the same time period (September 18) reveals an entirely different behavior, i.e., a phase angle that fluctuates randomly around zero over the entire frequency domain encountered.
From comparison of spectra from the present study and those from STH (1994) the following conclusions can be drawn: (1) It is quite reasonable to assume that the same mechanism created the observed turbulence features in the two studies. (2) It is highly unlikely that this turbulence has been produced by influence from the waves. Instead, it is very probable that inactive turbulence produced aloft has been brought down to near the surface by pressure transport. The crucial question then becomes the following: How does the air-sea interaction process come into the picture? It is reasonable to assume that in a shallow layer just above the undulating water surface there is, in the terminology of Belcher and Hunt [1993] , an inner surface layer, which is governed by local momentum transfer in the direction from the air to the sea. In this layer it is also reasonable to assume that the ordinary wall layer turbulence production mechanism is active [Kline and Robinson, 1989] . At the same time, the longer waves (which travel faster than the wind) produce momentum transport by pressure fluctuations in the opposite direction. That such transport actually takes place is clearly demonstrated by the quadrant analysis, which shows that for the momentum transport the interaction quadrants become of increasing importance with increasing wave age; that is, excess momentum is being transported upward and deficit momentum is being transported downward. At the same time, the heat flux is not at all affected in this way. Thus momentum must be transported upward from the surface by a mechanism which includes pressure-velocity correlations. Such a mechanism is not possible for transport of a scalar, such as virtual potential temperature, which is studied here. This situation creates a net momentum transport that is close to zero. This in turn means that there can be little local mechanical production of turbulence (because mechanical production is equal to the product between the kinematic momentum flux and the local wind gradient). The net result of this state of affairs is that, in fact, there will be little active turbulence in the boundary layer, except in a shallow inner surface layer near the undulating water surface, leaving primarily the inactive kind of turbulence, which is likely to originate, primarily, high up in the boundary layer. It is worth noting that during the present situation with swell, the number of individual 60 min periods with negative net momentum flux (upward directed flux) increases with height, being zero at 10 m, 3 at 18 m, and 6 at 26 m. In the case studied by STH (1994) the net momentum flux was found to be slightly negative in the lowest 200 m during a period of several hours.
The above sketch does not answer the question of how deep the zone of direct wave influence is and how deep the inner surface layer is. The measurements of this study do not give very clear surface wave signatures in the spectra during the swell period: At the most there is a bulge and a plateau in the mean u and w spectra displayed in Figure 11 . At the same time, as shown in Figure 4 , there is a wind maximum present somewhere below the lowest measuring point, 10 m, for most of the time during the swell period. From that it can be concluded that the inner surface layer is certainly <10 m deep. A way of describing the situation would be to say that the bulk of the boundary layer is floating with very little friction on top of a layer limited in depth by this wind maximum close to the surface.
Generality of the Present Results
The situation that has been the subject of the present study is very well defined: It occurred in the aftermath of a gale, so there was a wind speed drop from -15 m s -• to 4 m s -• over a period of about a day; during a period of 48 hours after this wind speed drop occurred, the wind direction fluctuated within a _+50 ø sector, and the wind speed was rather constant; the wave spectrum had a single peak, and the direction of the waves was roughly the same as that of the wind; and the swell originated from an area with stronger winds located in the southernmost part of the Baltic Sea. From the information available for the cases with strong frictional decoupling reported in section 1 it appears that similar conditions prevailed in these cases as well. As revealed by Figures 7a and 8 , no systematic differences were found in statistics derived separately for periods when wind and wave directions were within 30 ø of each other and when they differed by between 30 ø and 60 ø , respectively.
It is interesting to ask what the requirements are for a situation similar to this to occur, in terms of wind speed drop, alignment of wave propagation and wind, and, not the least, timescale of the driving forces producing this situation. To be more precise' Does a similar reduction of stress as that observed here occur as soon as there is an appreciable drop in wind speed; does it occur in a situation with a multipeak wave spectrum? At present there appears to be no information available to answer these and related questions concerning the generality of the results discussed here. One may speculate that effects of this kind occurring during less well pronounced conditions could temporarily reduce the stress and thus contribute to the inevitable scatter of Co plots (a hysteresis effect similar to that displayed in Figure 5 The above calculations refer to an ordinary neutral surface layer. In this study, particular interest is focused on the swell situation. As discussed in this paper, the turbulence structure in this case differs from that of the ordinary case. At this moment there is hardly enough information to tailor the footprint equations to fit exactly this kind of situation. Generally speaking, Co was found to be reduced compared to the ordinary case during swell. This means that the effective roughness length z 0 is likely to be appreciably smaller than assumed in the above calculations ( In our data, during the swell period the values were consistently closer to the deep-water phase speed over all three footprints. Over the footprint corresponding to the lowest 10 m elevation, Co varied between 92 and 99% of the deep-water
